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SUMMARY
A dynamic, mechanistic model of enteric fermentation was used to investigate the eﬀect of type and
quality of grass forage, dry matter intake (DMI) and proportion of concentrates in dietary dry matter
(DM) on variation in methane (CH4) emission from enteric fermentation in dairy cows. The model
represents substrate degradation and microbial fermentation processes in rumen and hindgut and, in
particular, the eﬀects of type of substrate fermented and of pH on the production of individual
volatile fatty acids and CH4 as end-products of fermentation. Eﬀects of type and quality of fresh and
ensiled grass were evaluated by distinguishing two N fertilization rates of grassland and two stages
of grass maturity. Simulation results indicated a strong impact of the amount and type of grass
consumed on CH4 emission, with a maximum diﬀerence (across all forage types and all levels of DMI)
of 49 and 77% in g CH4/kg fat and protein corrected milk (FCM) for diets with a proportion of
concentrates in dietary DM of 0.1 and 0.4, respectively (values ranging from 10.2 to 19.5 g CH4/kg
FCM). The lowest emission was established for early cut, high fertilized grass silage (GS) and high
fertilized grass herbage (GH). The highest emission was found for late cut, low-fertilized GS. The
N fertilization rate had the largest impact, followed by stage of grass maturity at harvesting and by
the distinction between GH and GS. Emission expressed in g CH4/kg FCM declined on average 14%
with an increase of DMI from 14 to 18 kg/day for grass forage diets with a proportion of concentrates
of 0.1, and on average 29% with an increase of DMI from 14 to 23 kg/day for diets with a proportion
of concentrates of 0.4. Simulation results indicated that a high proportion of concentrates in dietary
DMmay lead to a further reduction of CH4 emission per kg FCMmainly as a result of a higher DMI
and milk yield, in comparison to low concentrate diets. Simulation results were evaluated against
independent data obtained at three diﬀerent laboratories in indirect calorimetry trials with
cows consuming GH mainly. The model predicted the average of observed values reasonably, but
systematic deviations remained between individual laboratories and root mean squared prediction
error was a proportion of 0.12 of the observed mean. Both observed and predicted emission expressed
in g CH4/kg DM intake decreased upon an increase in dietary N:organic matter (OM) ratio. The
model reproduced reasonably well the variation in measured CH4 emission in cattle sheds on Dutch
dairy farms and indicated that on average a fraction of 0.28 of the total emissions must have
originated from manure under these circumstances.
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INTRODUCTION
Legislative requirements to minimize the en-
vironmental impact of milk production systems
signiﬁcantly aﬀect dairy farm management. In
grassland-based systems, variation in N excretion
in faeces and urine is large (Kebreab et al. 2002).
Management options, including variation in fertiliz-
ation level, grass cultivar and stage of maturity, may
help increase the eﬃciency of N utilization (Ferris
2007). In recent years there has also been renewed
interest in the emission of greenhouse gases from
dairy farms. Under Dutch conditions, methane (CH4)
emissions from cows and manure contributes on
average about 0.5 of the total emission of carbon
dioxide equivalents from on-farm activities with
about 0.75 of this assumed to originate from enteric
fermentation (Olesen et al. 2006; Schils et al. 2006). In
surveys of greenhouse gas emissions, generally con-
stant animal CH4 emission factors are used for grass
forages. However, changes in grassland management
may alter the chemical composition of fresh or ensiled
grass, grass intake and digestion processes in the cow,
thus aﬀecting CH4 yield from enteric fermentation as
well. The confounding of various simultaneous eﬀects
on rumen fermentation in particular seriously com-
plicates estimation of the eﬀect of management
measures in practice.
Several empirical models have been published to
predict enteric CH4 production (e.g. Moe & Tyrrell
1979; Yan et al. 2000; Mills et al. 2003; Hindrichsen
et al. 2005). These equations indicate a large eﬀect of
diet composition on enteric CH4 emission from dairy
cattle. In a direct comparison between observed CH4
emission and predictions with an empirical equation,
Hensen et al. (2006) established prediction errors
equal to 0.3 to 1.0 of observed values. Although a
substantial part of these errors probably has to be
attributed to measurement inaccuracy, errors of this
scale warrant substantial improvement in the method
of CH4 prediction in whole farm surveys. Indeed,
addressing the interactions between various feed
characteristics and fermentation conditions on enteric
CH4 yield beneﬁts from a more mechanistic modelling
approach (Benchaar et al. 1998; Bannink et al. 2005;
Kebreab et al. 2006; Ellis et al. 2008). Benchaar et al.
(1998) concluded that mechanistic models gave a
better explanation of observed CH4 emission from
cows than empirical regression models. Experimental
observations on the eﬀects of grass chemical compo-
sition on CH4 emission from dairy cattle are scarce,
however.
The objective of the present study was to evaluate
whether grass quality (as a result of N fertilization
rate and stage of maturity) aﬀects CH4 emission
from dairy cows, using a modiﬁed version of a
mechanistic model of enteric fermentation (Mills
et al. 2001). The model was modiﬁed to include
representation of the eﬀect of rumen pH on
molar proportions of volatile fatty acids (VFA) and
CH4 produced in the rumen (Bannink et al. 2005,
2008).
METHODS
Model representation
Mechanistic model
An adapted version of a mechanistic model developed
by Mills et al. (2001) was used, which represents the
fermentative processes in the rumen and hindgut of
dairy cows. The model contains a dynamic represen-
tation of the processes of feed degradation, VFA and
ammonia absorption, microbial growth, and outﬂow
from the rumen and intestines. Furthermore, intra-
ruminal recycling of microbial matter as a result of
predation by protozoa and N recycling via saliva and
the gastrointestinal wall are represented. The model
takes into account the eﬀects of the dynamics of
rumen fermentation conditions (available concen-
trations of substrates, micro-organisms and acids,
pH, outﬂow rates of water and particles and rumen
volume) on these processes (Dijkstra et al. 1992).
The main inputs to the model are daily dry
matter intake (DMI), soluble carbohydrates, starch,
neutral detergent ﬁbre (NDF), crude protein (CP)
and fat, and fractional degradation characteristics
of starch, NDF and CP established by in situ in-
cubations.
The predecessor (Dijkstra et al. 1992) of the model
of Mills et al. (2001) was evaluated extensively against
independent data (Neal et al. 1992; Bannink et al.
1997a, b) and was shown to be capable of predicting
the main aspects of rumen function. Prediction of
yield of individual types of VFA was unsatisfactory,
however. This aspect of rumen fermentation is essen-
tial for accurate prediction of excess hydrogen, which
is converted into CH4 by methanogens (Mills et al.
2001; Ellis et al. 2008). For this reason, revised coef-
ﬁcients for VFA yields from fermented substrate
were applied by Mills et al. (2001). These VFA coef-
ﬁcients were fully described by Bannink et al. (2006)
applying a revised version of the method developed
by Murphy et al. (1982). A total of 20 coeﬃcient
values (combinations of four types of VFA and ﬁve
types of fermented substrate) were ﬁtted using VFA
molar proportions observed in vivo in rumen fermen-
tation trials with lactating cows covering a wide range
of dietary treatments (182 dietary treatments).
Diﬀerent sets of VFA coeﬃcients appeared necessary
for diets mainly composed of roughages and diets
mainly composed of concentrate. Compared to
other representations published in the literature,
predicted VFA yield was improved (Bannink &
Tamminga 2005), though much variation remained
unexplained.
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VFA and CH4 yield
Earlier studies by Argyle & Baldwin (1988) demon-
strated the dependency between pH and VFA yields
from sugars and starch. Kohn & Boston (2000) ar-
gued from a thermodynamic point of view that with
increased rates of substrate fermentation the pro-
duction of propionate becomes energetically more
favourable at the expense of acetate production and
methanogenesis. In their review on starch degra-
dation, Mills et al. (1999a) also indicated the negative
relation between pH and propionate molar pro-
portion. For this reason, Bannink et al. (2008) at-
tempted to improve further prediction of VFA molar
proportions and derived new VFA coeﬃcient values
by introducing pH-dependent VFA yield from fer-
mented soluble carbohydrates and starch. Logistic
equations were used to represent this pH dependency,
with an inﬂexion point for soluble carbohydrates at
pH 6.0 and for starch at pH 5.7, and with steepness
parameters of 6.0 for both types of carbohydrate. The
size of the eﬀect of pH was ﬁtted for soluble carbo-
hydrates and starch separately and for each type of
VFA (Fig. 1; Bannink et al. 2008). Despite the in-
clusion of rumen pH as an additional explanatory
factor in the regression model, a clear distinction re-
mained between roughage-rich and concentrate-rich
diets. The total residual sum of squares of ﬁtted VFA
molar proportions (expressed as mmol of a speciﬁc
VFA/100 mmol total VFA), summed over both types
of diets, decreased by 15%. It was assumed that the
equations are a reasonable representation of the eﬀect
of pH and VFA concentrations on estimated VFA
molar proportions in rumen ﬂuid. Consequences of
these regression results on predictions of CH4 yield
will be discussed later. These newly derived equations
were introduced into the model used in the present
study, hence it is a modiﬁcation of the model pro-
posed by Mills et al. (2001).
Simulations
Simulations using the modiﬁed Mills et al. (2001)
model were performed for the diﬀerent farm man-
agement scenarios listed in Table 1. First, diﬀerent
types of ryegrass quality as a result of N fertilization
rate (high fertilization (HF) and low fertilization
(LF)), stage of maturity (early cut (EC) and late cut
(LC)) and harvesting method (fresh grass herbage
(GH) and ensiled grass (grass silage (GS))) were tested.
For all types of grass forage, diets were simulated
which contained a concentrate proportion of 0.1 and
a grass forage proportion of 0.9 in dietary dry matter
(DM). The eﬀects were simulated with either an equal
DMI of 18 kg/day of various grass forages (resulting
in a range of fat and protein corrected milk (FCM)
yield, or with an equal FCM of 22.4 kg/day corre-
sponding to the grass quality with lowest FCM simu-
lated (resulting in a range of DMI that generates
equal amounts of energy absorbed from the gastro-
intestinal tract, and assuming equal milk compo-
sition). GH was compared with GS under the
assumption of zero-grazing conditions, hence leaving
out the eﬀects of cow activity on energy requirement
and the eﬀects of GH quality and GH availability on
GH intake under grazing conditions. Fractional rates
of outﬂow of particles and ﬂuid from the rumen, ﬂuid
volume, average pH, minimum pH and the time
period pH remains below 6.3 were assumed to be
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Fig. 1. Fitted eﬀect of rumen pH on the fraction of individual types of VFA (Ac, Pr, Bu for acetate, propionate and butyrate,
respectively) produced from rapidly fermentable carbohydrates (Sc and St indicate soluble carbohydrates and starch, re-
spectively). Derived from Bannink et al. (2008). Figure reproduced with kind permission of Elsevier.
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1.07/day, 3.42/day, 80 litres, 6.1, 5.8 and 15 h, re-
spectively, for all diets with a proportion of 0.9 of
grass forage in dietary DM.
Secondly, the eﬀects of increasing DMI were
simulated for all types of grass forage. The DMI was
increased from 14 to 18 kg/day (increment step size of
1 kg/day) with a proportion of 0.9 of grass forage
and 0.1 of concentrates in dietary DM, or from 14 to
23 kg/day (increment step size of 3 kg/day) with a
proportion of 0.6 of grass forage and 0.4 of con-
centrate in dietary DM. The highest levels of DMI
(19–23 kg/day) with a proportion of 0.9 of grass for-
age were not simulated because this level is unlikely to
be achieved (Tas et al. 2005). Fractional outﬂow rates
of particles and ﬂuid from the rumen, ﬂuid volume,
average pH, minimum pH and the time period pH
remains below 6.3, varied from 0.92/day, 3.17/day,
70 litres, 6.4, 6.1 and 10 h to 1.07/day, 3.42/day,
80 litres, 6.2, 5.9 and 14 h with increasing DMI for
the diet containing a proportion of 0.9 of grass forage
and 0.1 of concentrate in dietary DM, and from 0.92/
day, 2.74/day, 70 litres, 6.3, 6.0 and 12 h to 1.47/day,
2.99/day, 85 litres, 6.0, 5.7 and 17 h for the diet with a
proportion of 0.6 of grass forage and 0.4 of con-
centrate in dietary DM. Fractional outﬂow rates were
based on empirical equations derived by Van Straalen
(1995) with a stronger eﬀect of DMI on the fractional
outﬂow rate of particulate matter in concentrates
than in forages. The pH parameters were assumed to
depend on DMI.
Similar fractional passage rates, volume and pH
parameters were used for GS-HF-EC and GH-HF,
and for GS-LF-EC and GH-LF, because both GS-
EC and GH are highly digestible. Only for the diets
with a proportion of 0.4 of concentrate in dietary
DM, upon a change from EC to LC and a change
from HF to LF, the average pH and minimum pH
were increased by 0.1 and the time period of pH
below 6.3 was decreased by 2 h; for all diets fractional
outﬂow rates of particles and ﬂuid were reduced by
0.1/day. Maximum values of average pH of 6.5 and of
minimum pH of 6.2 were assumed, in combination
with a minimum time period of pH below 6.3 of 8 h.
Grass quality and grass ensiling
Diﬀerences in the quality of GH and GS were as-
sumed to be caused either by rate of applied N ferti-
lization, stage of maturity of grass harvested and
choice between conservation and feeding herbage.
Grass composition and degradation characteristics
were estimated from previous trials and representa-
tive data in the literature for GH (Valk et al. 1996,
2000) and GS (Reijs 2007). Average values were used
for chemical composition and degradation charac-
teristics of concentrates (Reijs 2007). Table 2 contains
a summary of the assumptions made for the range of
forage qualities evaluated. The sensitivity of esti-
mated CH4 emission to these values was simulated.
Further assumption
In comparing diﬀerent types of grass forage with
respect to simulated CH4 emission per unit of milk
produced, milk yield needed to be simulated as
well. Milk yield was calculated as the FCM allowed
Table 1. Notation and description of strategies evaluated
Notation used for strategies*
HF High rate of N fertilization of grassland (silage, 350 kg N/ha/yr; fresh, 450 kg N/ha/yr)
LF Low rate of N fertilization of grassland (silage and fresh, 150 kg N/ha/yr)
EC Ryegrass cutting at an early stage of maturity (silage cut at 3000 kg DM/ha; fresh grass
between 1500 and 2000 kg DM/ha)
LC Ryegrass cutting at a late stage of maturity (silage cut at 4500 kg DM/ha; fresh grass
between 1500 and 2000 kg DM/ha)
GS Ensiled ryegrass forage
GH Fresh ryegrass forage (zero-grazing)
Strategies evaluated
Diet
Proportion dietary DM 0.9 grass forage/0.1 concentrate 0.6 grass forage/0.4 concentrate
Grass forage types GS-HF-EC GS-HF-EC
GS-HF-LC GS-HF-LC
GH-HF GH-HF
GS-LF-EC GS-LF-EC
GS-LF-LC GS-LF-LC
GH-LF GH-LF
DM intake (kg DM/day) 14–18 14–23
* GS strategies based on Reijs (2007) and fresh grass strategies based on Valk et al. (1996, 2000).
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according to the net energy requirements for lactation
(NEL) (Van Es 1978). A dairy cow of 650 kg body
weight was assumed throughout the whole study.
Exploring consequences of stage of lactation and
changes in energy balance (weight changes) on
CH4 emission were beyond the scope of the present
study.
Model evaluations
Indirect calorimetry trials
Model predictions of CH4 yield were evaluated
against independent measurements of CH4 emission
in cows consuming diets based mainly on GH (a
proportion of around 0.05 of concentrate in dietary
DM) by indirect calorimetry methods. Data from the
research facilities in Lelystad and Wageningen (the
Netherlands) were used and were described in detail
by Bruinenberg et al. (2002). A total of 83 measure-
ments on individual cows (63 from Wageningen; 20
from Lelystad) were categorized according to N con-
tent of organic matter (OM), resulting in ﬁve classes
(between a proportion of N of 0.030 and 0.035, be-
tween 0.035 and 0.040, between 0.040 and 0.045, be-
tween 0.045 and 0.050, and more than 0.050). This
means that this part of the evaluation is limited to
grass forage with a high fraction of CP in dietary DM
of more than 0.165. Average values were calculated
for these classes which resulted in ﬁve values for
Wageningen and four values for Lelystad. In ad-
dition, 15 measurements were available from the
Reading (UK) indirect calorimetry facility for cows
consuming GH and 5.2 kg DM/day of concentrates
which accounted for roughly one-third of dietary DM
Table 2. Summary of chemical content*, degradation characteristics and feeding value assumed for diﬀerent
qualities of ryegrass herbage, ryegrass silage (GS) and concentrates
Grass type
Concentrates
HF# HF HF LF LF LF
GH GS-EC GS-LC GH GS-EC GS-LC
Estimated feeding value
NEL (MJ/kg DM)$ 6.8 6.3 5.8 6.3 6.0 5.7 7.0
Chemical fraction (g/kg DM)
Soluble carbohydrates 110 50 100 162 110 130 146
Starch 0 0 0 0 0 0 163
NDF· 493 463 539 515 470 551 382
CP· 246 233 177 169 156 118 172
Ammonia (proportion of CP) 0 0.07 0.07 0 0.07 0.07 0
Fat 45 45 35 45 45 35 45
Fermentation products 0 102 58 0 109 71 0
Ash 106 118 102 109 118 102 92
Degradation characteristics
Starch-S (g/kg starch)· 570
Starch-D (g/kg starch)· 430
kd-starch (/day)· 2.64
NDF-D (g/kg NDF) 910 900 750 892 900 750 800
NDF-U (g/kg NDF) 90 100 250 108 100 250 200
kd-NDF (/day) 1.31 1.08 0.86 0.99 0.86 0.72 2.04
CP-S (g/kg CP) 194 640 630 158 640 630 360
CP-D (g/kg CP) 707 285 255 685 235 215 590
CP-U (g/kg CP) 99 75 115 157 125 155 50
kd-CP (/day) 2.34 1.44 1.03 1.94 0.89 0.60 1.75
* The fraction of OM minus soluble carbohydrates, starch, NDF, CP which remained undetermined was attributed the
proportion of 0.5; NDF was also attributed the proportion of 0.5.
# GS, grass silage; GH, grass herbage; HF, high rate of N fertilization; LF, low rate of N fertilization; EC, cut at early stage
of maturity; LC, cut at late stage of maturity. For GS andGH, estimates were derived fromReijs (2007) and Valk et al. (1996,
2000), respectively. Contents and characteristics of concentrates were derived from Reijs (2007).
$ Net energy of lactation according to Dutch energy evaluation system (Van Es 1978; CVB 2005).
· NDF, neutral detergent ﬁbre; CP, crude protein, total CP calculated from total N content, including ammonia-N; S, D and
U, the washable, the potentially degradable and the undegradable fraction of substrate with in situ incubations; kd, the
fraction rate of degradation of the potentially degradable fraction with in situ incubations.
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(Mills et al. 2001). Averages were calculated for type
of grass sward and for measurement year, which
yielded an additional four values. All diets are sum-
marized in Table 3. Where details of composition and
digestibility were missing, these were estimated from
available information on feeding value, digestibility
and N content (Valk et al. 1996; Reijs 2007).
Estimates of the eﬀects of N content on GH charac-
teristics were derived by linear interpolation accord-
ing to the values given in Table 2. Similar estimates
were used for fractional passage rates, rumen ﬂuid
volume and pH parameters as those described above
for the simulation studies, depending on DMI.
Practical cases
In addition to data from indirect calorimetry trials,
model predictions were evaluated against measure-
ments of total CH4 emission in cattle sheds under
practical circumstances within the Dutch ‘Cows and
Opportunities ’ project, which aimed to improve
mineral management (Oenema et al. 2001). Measure-
ments of CH4 were part of a monitoring study to
quantify ammonia emission in naturally ventilated
cattle sheds and included CH4 from lactating cows,
dry cows, young stock and stored slurry (Smits &
Huis in ‘t Veld 2007). Emissions were measured on
one or two consecutive days per measurement period.
Selection of cattle sheds was based on the criteria
of stall-feeding and a small number of young stock
present, in order to exclude as much as possible the
variation introduced by the opening of stall-doors
and temporary grazing outside, and to have rep-
resentative data for the dairy herd. Furthermore,
measurements were performed under normal cir-
cumstances with ﬁlled manure storages. There was no
manure handling or emptying of storages preceding
the CH4 measurements. The carbon dioxide (CO2)
mass balance method was applied to quantify venti-
lation rates. The total animal production of carbon
dioxide was estimated according to CIGR (Van
Ouwerkerk & Pedersen 1994; Pedersen et al. 1998).
Air near the ventilation output was sampled con-
tinuously and collected for 18–24 h at a constant ﬂow.
The CO2 and CH4 concentrations in the collected air
sample for one day were analysed using a GC-MS in
the laboratory. Emissions of CH4 were calculated
from quantiﬁed ventilation rates and assuming ratios
of the measured concentrations of CO2 :CH4 were
equal to the ratios of their source strengths (mass
ﬂuxes reﬂecting emission rates). In total, four farms
were monitored and two farms had two independent
measurements. Data were available for the number of
cows and young stock present, the type and amount
of feed ingested and milk production. Because of the
varying dietary composition on individual farms and
since almost all young stock were older than one year,
it was assumed that individual young stock con-
tributed half of the CH4 emission rate calculated for
each cow. In general, cow diets on the farms con-
tained less grass forage, and milk production and feed
Table 3. Summary of data used for model evaluation in the present study
Indirect calorimetry trials
Measurements
cattle shedsWageningen Lelystad Reading
DMI (kg/day) 14.8 (1.78)* 12.5 (1.66) 17.0 (1.21) 21.1 (1.91)
GH (proportion of DM) 0.94 (0.008) 0.93 (0.010) 0.68 (0.057) 0.11 (0.168)
GS (proportion of DM) 0.33 (0.091)
Maize silage (proportion of DM) 0.22 (0.077)
Concentrates (proportion of DM) 0.06 (0.008) 0.07 (0.010) 0.32 (0.057) 0.25 (0.054)
Other (proportion of DM) 0.10 (0.066)
N:OM in dietary DM 0.040 (0.0067) 0.042 (0.0075) 0.030 (0.0018) 0.026 (0.0020)
Milk yield (kg FPCM/cow/day) 18.1 (4.35) 21.1 (4.33) 25.3 (5.62) 26.8 (4.32)
CH4 (MJ/cow/day) 16.1 (1.49) 13.1 (2.74) 22.9 (1.29) 32.0 (3.76)#
CH4 (proportion of GE intake) 0.059 (0.0048) 0.057 (0.0072) 0.073 (0.0060)
Number of measurements 63 20 15 6
Number of farms 4
Number of cows$ 17 15 8 97 (25.7)
Number of young stock 11 (9.7)
* S.D. between parentheses.
# Including CH4 emission from young stock, dry cows and lactating cows and from manure storage, expressed per cow
present.
$ Number of individual cows used in calorimetry trials, or total number of dry and lactating cows stalled in cattle sheds.
DM, dry matter.
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intake level were substantially higher, than in the in-
direct calorimetry trials.
RESULTS AND DISCUSSION
Applicability of VFA coeﬃcients
Along with amount of OM fermented and eﬃciency
of microbial growth, type of VFA produced is the
main determinant of hydrogen balance and metha-
nogenesis. For this reason, attention is given here to
the applicability of the representation of VFA yield.
The representation used in the present study is illu-
strated in Fig. 1. The consequences of this represen-
tation for predicted CH4 yield have been discussed
previously (Bannink et al. 2005, 2006; Kebreab et al.
2006) and are indicated in Fig. 2 (Dijkstra et al. 2007).
The results correspond with the eﬀect of source of
rumen digested carbohydrate on CH4 emission
established recently by Hindrichsen et al. (2005) in
lactating cows in vivo.
The CH4 yield from starch converted into VFA
relative to that from soluble carbohydrates varies
between 0.6 at pH 6.5 and 0.8 at pH 5.5 (Fig. 2a),
whereas Hindrichsen et al. (2005) established 0.4 from
the amounts digested with a 0.5 proportion of
roughage in dietary DM. Not all starch is fermented
in the rumen, whereas soluble carbohydrates are
almost completely fermented. On the assumption that
on average a third of ingested starch by-passes rumen
fermentation (Mills et al. 1999b) and does not con-
tribute to CH4 yield, the relative value of 0.4 for the
results of Hindrichsen et al. (2005) can be corrected to
0.6, which is similar to the value at high pH adopted
in the present study. Also for digestion of ﬁbre, or
NDF, the results are comparable. Digestion of NDF
must be completely attributed to microbial fermen-
tation, and a similar correction as discussed for starch
does not apply here. In the current study, the relative
CH4 yield from NDF compared to that from soluble
carbohydrates converted into VFA varies between 0.6
at pH 6.5 and 0.9 at pH 5.5 for forage-rich diets, and
between 1.0 and 1.6, respectively, for concentrate-rich
diets (Fig. 2b).
In addition, Hindrichsen et al. (2005) discussed
extensively the eﬀect of pH on relative CH4 formation
from sugars and from ﬁbre. With a drop in pH the
fermentation products from sugars shift from a rela-
tive large amount of butyric acid to a large amount of
propionic acid. Hindrichsen et al. (2005) therefore
argued that the much more pronounced CH4 pro-
duction from sugars compared with ﬁbre would only
occur at higher pH values. Such an eﬀect of pH on the
shift in VFA molar proportions and, consequently,
on the ratio of CH4 produced from sugars v. ﬁbre is
conﬁrmed by the results of the present study (Fig. 1).
Hindrichsen et al. (2005) did not measure rumen pH.
Given the moderate DMI levels of 14–17 kg/day of
the diets with a 0.5 proportion of roughage and a 0.5
proportion of concentrate, and the high ﬁbre content
of the concentrate in Hindrichsen et al. (2005), aver-
age rumen pH is expected to have been well above 6.0,
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Fig. 2. Eﬀect of rumen pH (6.5, 6.0 or 5.5) and type of diet
(R, R/C and C for a proportion of forage in dietary DM
higher than 0.55, between 0.40 and 0.55, and less than 0.4,
respectively) on the relative amount of CH4 formed from
(a) fermented starch (St), (b) NDF and (c) protein (Pt).
Amounts expressed relative to the amount formed from
fermented soluble carbohydrate (Sc). Figure adapted from
results presented by Dijkstra et al. (2007).
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and therefore a pronounced higher amount of CH4
produced from sugars compared with that from NDF
is expected, which is in line with the results of our
modelling. The average in the current study of a
proportion of 0.8 for CH4 from NDF compared to
CH4 from sugars for a diet with a 0.5 proportion of
forage and a 0.5 proportion of concentrate at high
rumen pH (Fig. 2b), compares with the value of 0.7
as an average for CH4 from digested hemi-cellulose
and cellulose compared to CH4 sugars derived by
Hindrichsen et al. (2005). The representation adopted
in the present study diﬀers from that of Hindrichsen
et al. (2005) in that it takes into account diet type
(based on fraction of concentrates in dietary DM)
and the eﬀect of rumen pH on VFA yield. Further-
more, it is based on a much wider range of dietary
treatments and on in vivo measurements of rumen
digestion instead of whole-tract digestion.
Other in vivo ﬁndings indicate the need to include
the eﬀect of type of carbohydrate fermented and the
eﬀect of changes in fermentation conditions associ-
ated with changes in rumen pH on the type of VFA
produced. In a study by Hristov et al. (2005) an
alfalfa hay diet for lactating cows was supplemented
to a proportion of 0.2 of DM with maize dextrose or
maize starch, and oat ﬁbre. With maize dextrose
supplementation the molar proportion of acetate was
reduced by 8 mmol acetate/100 mmol VFA (61 and
69, respectively), that of propionate hardly changed
(18 and 17 mmol propionate/100 mmol VFA, re-
spectively), and that of butyrate increased by 7 mmol
butyrate/100 mmol VFA (18 and 11, respectively).
These changes, however, were associated with a de-
cline in pH (6.0 and 6.2, respectively, compared to 6.4
when oat NDF was added). These results are in line
with the modelling results (Fig. 1) which indicate that
a drop in pH to 6.0 with glucose fermentation results
in a strong decrease in acetate yield (getting similar
to, or even less than acetate yield from starch), in a
strong increase in propionate yield (getting close to
propionate yield from starch) and in an increase in
butyrate yield (getting higher and more divergent
from butyrate yield from starch). At pH 6.2 with
starch supplementation, VFA yield is relatively insen-
sitive to changes in pH. Hence, it appears that results
such as those of Hristov et al. (2005) are explainable
by accounting for the type of carbohydrate fermented
as well as the change in fermentation conditions as-
sociated with changes in pH.
Predicted molar proportions (0.62, 0.23 and 0.12
for acetate, propionate and butyrate, respectively,
with 18 kg DMI and a proportion of GH of 0.9) in the
present study are consistent with those reported for
diets composed mainly of GH (Van Vuuren et al.
1992; Taweel et al. 2005; Abrahamse et al. 2008,
2009). Within studies, observed eﬀects of GS har-
vested at diﬀerent stages of maturity on butyrate and
propionate molar proportion are generally less than
two percentage units. Such a small variation was also
apparent in the present simulation study. However,
between studies there appear to be large diﬀerences
which remain hard to explain. Bosch et al. (1992) re-
ported lower molar proportions of propionate (0.17)
and butyrate (0.11) than simulated in the present
study, whereas Rinne et al. (2002) also found less
propionate (0.16) but more butyrate (0.15). Although
GSs of varying quality were the main dietary com-
ponent in both studies, other factors such as DMI,
rumen pH, type of carbohydrate fermented and frac-
tional rate of VFA absorption may have caused these
diﬀerences. All these factors were taken into account,
however, when deriving the representation of VFA
and CH4 yield which was adopted in the present
study.
Eﬀect of forage quality
Eﬀects of type and quality of grass forage
With a ﬁxed DMI of 18 kg DM/day and a 0.9 pro-
portion of grass forage and a 0.1 proportion of con-
centrate in dietary DM, the absolute rate of CH4
emission in g/day within fertilization treatment was
simulated to be highest for GH and lowest for GS-EC
and GS-LC with an absolute diﬀerence of 8 and 7%
under the HF and LF regimes, respectively (Fig. 3a).
However, the ranking of grass forages according to
their potential to yield CH4 changes when CH4 is ex-
pressed per unit of FCM produced (Fig. 3c). In this
case, the values for GS-LC were 14 and 7% higher
than the lowest values for GS-EC with the HF and
LF regimes, respectively. This means that although
in absolute terms most CH4 is generated from GH,
this is compensated by its higher energetic value to the
dairy cow which results in higher FCM yield and
similar and lower CH4 yield per unit of milk produced
compared to GS-EC and GS-LC, respectively.
With a ﬁxed amount of energy available for milk
synthesis (equal to FCM yield of 22.4 kg FCM/day)
the ranking between grass forages changed for g CH4/
day (Fig. 3b) but remained similar for g CH4/kg FCM
(Fig. 3d). In this case, diﬀerences between grass
forages in g CH4/kg FCM reﬂect their potential to
yield CH4 at equal FCM yield. Predicted CH4 emis-
sion in g CH4/kg FCM for GS-LC remained 7 and
8% higher compared to the lowest values for GS-EC
on the HF and GH on the LF regime, respectively,
caused by the diﬀerences in DMI, chemical compo-
sition and degradation characteristics. However, as
indicated above, with a ﬁxed DMI of 18 kg DM/day
(Fig. 3a) it was 14 and 7% higher, respectively. This
indicates that under the HF regime the main part
of the diﬀerences among grass forages in g CH4/kg
FCM has to be attributed to variable contribution to
metabolizable energy. This was less the case under the
LF regime.
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Surveys on CH4 emission often adopt the unit g
CH4/kg DM consumed.With equal DMI, this delivers
the same diﬀerences between grass forages (Fig. 3e)
as the absolute CH4 emission rate (Fig. 3a). But,
when compared at equal FCM, the results reﬂect a
combined eﬀect of diﬀerences in absolute rate of CH4
emission as well as the energetic value of dietary DM.
This led to a diﬀerent ranking with 8 and 7% higher
values for GH than for GS-EC and GS-LC under
the HF and LF regimes, respectively (Fig. 3 f ) com-
pared to the ranking of absolute CH4 emission rates
(Fig. 3b).
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Fig. 3. Eﬀects of N fertilization rate (HF, high fertilization; LF, low fertilization) and harvesting management (GS, grass
silage; EC, early cut; LC, late cut; GH, grass herbage) on predicted CH4 emission (g/day, (a) and (b) ; g/kg FCM (c) and (d) ;
or g/kg DMI (e) and (f)) in cows consuming 18 kg of DM/day (a), (c) and (e), or producing 22.4 kg FCM/day (b), (d) and (f)
equal to the lowest predicted FCM at a DMI of 18 kg/day with GS-LC under the LF regime. The proportion of concentrates
in dietary DM was 0.1 for all diets tested.
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Comparing the HF and LF regimes indicates that a
reduction in N fertilization rate strongly increased
CH4 emission when expressed in either g CH4/day, g
CH4/kg FCM or g CH4/kg DM. With a diet with a
proportion of 0.9 of GS-EC, GS-LC or GH in dietary
DM at equal DMI of 18 kg DM/day (Fig. 3a), these
emissions increased by 12, 8 and 9% when expressed
in g CH4/day (or in g CH4/kg DM), respectively, and
increased by 20, 12 and 19% when expressed in g
CH4/kg FCM (Fig. 3c). Consequently, increase of g
CH4/kg FCM is a combined eﬀect of diﬀerences
in chemical composition of dietary DM and rumen
degradation characteristics (Table 2), as well as FCM
yield. At equal FCM yield, similar increases were
predicted but of a smaller size for GS-EC and GH
(14, 14 and 12% when expressed g CH4/kg FCM,
Fig. 3d ; 9, 8 and 7% when expressed in g CH4/kg
DM, Fig. 3 f).
Comparing GS-EC and GS-LC indicates that cut-
ting at a later stage of maturity also increased CH4
emission. At equal DMI, the emission expressed in g
CH4/kg FCM due to later cutting increased by 14
and 7% under the HF and LF regimes respectively
(Fig. 3c). Predicted increase at equal FCM was 7 and
7%, respectively (Fig. 3d). This indicates that the ef-
fect of stage of maturity on CH4 emission is less pro-
nounced than that of N fertilization rate. The choice
between GS-EC and GH seems to have less impact
than N fertilization rate and stage of cutting under
the assumptions of the present study. When expressed
in g CH4/kg FCM and comparing at equal DMI,
values were almost the same under the HF and LF
regime (Fig. 3c). At equal FCM, emissions were just
1% higher and 1% lower, respectively.
The simulation results suggest that the impact of
rate of N fertilization (HF v. LF), of the stage of
maturity of grass consumed (EC v. LC) and the
choice between fresh herbage or ensiled grass (GH
v. GS) may all be relevant in estimating CH4 emission
rate with grass-based diets. Large diﬀerences among
the various forage types were established. There was
a maximum diﬀerence in g CH4/kg FCM between
GS-HF-EC and GS-LF-LC of 27% with equal DMI
at 18 kg DM intake/day (Fig. 3c), and of 22% with
equal FCM of 22.4 kg FCM/day (Fig. 3d). For a
proportion of 0.1 of concentrate in dietary DM, a
maximum diﬀerence of 30% was established at
the lowest DMI of 14 kg DM/day, whereas for a
proportion of 0.4 of concentrate in dietary DM the
diﬀerence was 32% at the highest DMI of 23 kg DM/
day (Table 4). The simulations also indicate that the
assumption of a ﬁxed amount of CH4 energy per unit
gross energy intake (GEI) is not valid. However, a
proportion of 0.06 of GEI is assumed to be emitted as
CH4 energy according to IPCC (1996). Over the range
of simulations in Table 4, CH4 energy varied between
0.051 and 0.071 of GEI. Such large diﬀerences only
apply, however, for the extreme ranges in grass quality
compared in the present study. More subtle dif-
ferences in N fertilization rate and grass harvesting
management may lead to smaller diﬀerences and less
distinct results. Moreover, some other factors were
not considered in the present study, such as species
heterogeneity in grass swards and its eﬀect on
composition and degradation characteristics, grazing
management and energy expenditure of cows during
grazing. Further, in the preceding discussion GSs and
GH were compared at equal DMI, but grass quality
must be expected to aﬀect grass intake as well. This
means that a higher DMI may be achieved with HF
and EC than with LF and LC. Recognition of such
diﬀerences in DMI will inﬂate the diﬀerences in CH4/
kg FCM between GS-HF-EC and GS-LF-LC (Fig. 4;
discussed in next section). It further became clear that
the units used to express CH4 emission rate strongly
aﬀect the relative value for various grass forage types.
With equal DMI diﬀerent results for g CH4/day (or
g CH4/kg DM) and g CH4/kg FCMmust be expected,
and with equal FCM diﬀerent results for g CH4/day
(or g CH4/kg FCM) and g CH4/kg DM (Fig. 3).
From these simulations, it can be concluded that
emission of CH4 by cows depends strongly on the
type and quality of grass forage. The current model-
ling exercise identiﬁes various nutritional factors that
elucidate these eﬀects, i.e. chemical composition,
degradation characteristics, molar proportions of
VFA formed, the amount of net energy for lactation
and FCM yield. A realistic analysis therefore requires
attention is given to the mechanisms responsible
for interactions between these factors and for their
eﬀects on enteric CH4 formation. Various whole farm
models aimed at estimating environmental impact of
dairy farming adopt ﬁxed CH4 emission factors (e.g.
estimate of CH4 energy as 0.06 of GEI; IPCC, 1996;
ﬁxed 27 g CH4/kg grass DM; Schils et al. 2006).
The simulations also suggest that use of ﬁxed CH4
emission factors for all types and qualities of GH,
expressed as absolute amounts (g CH4/day), as a
fraction of GEI, or relative to DMI or FCM level,
may introduce substantial error into inventories of
greenhouse gas emission and lead to incorrect miti-
gation recommendations.
Eﬀect of DMI
In addition to the eﬀects of grass type and grass
management, the eﬀects of varying DMI on CH4
emission were simulated (Table 4; Fig. 4). An increase
in DMI of a diet with a proportion of 0.9 of grass
forage in dietary DM from 14 to 18 kg/day resulted in
an almost linear increase in g CH4/day. When ex-
pressed in g/kg FCM, the decline was curvilinear and
varied from 13 to 15% for the diﬀerent forage types
(Fig. 4a). Diﬀerences between GS and GH, between
EC and LC and between HF and LF, discussed in
the previous section for 18 kg of DMI, remained for
the whole range of DMI tested. Eﬀect of DMI on
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Table 4. Simulation results for methane emission from cows under various feeding regimes with diets containing various types of grass forage*
0.9 grass forage and 0.1 concentrate in dietary DM 0.6 grass forage and 0.4 concentrate in dietary DM
GS GH GS GH
HF-EC HF-LC LF-EC LF-LC HF LF HF-EC HF-LC LF-EC LF-LC HF LF
DMI
(kg/day)
GEI (MJ/day) 14 252 259 245 254 257 251 253 258 249 255 257 253
18 324 333 315 326 331 323
23 416 424 409 419 422 416
FCM (kg/day) 14 17.8 15.8 16.5 15.1 19.4 17.5 19.1 17.8 18.3 17.3 20.2 18.9
18 25.7 23.2 24.1 22.4 27.7 25.4
23 37.4 35.4 36.1 34.7 39.1 37.1
g CH4/day 14 271 276 301 295 292 316 291 298 315 314 305 325
18 336 345 376 372 363 396
23 382 424 444 466 413 465
g CH4/kg FCM 14 15.2 17.5 18.3 19.5 15.0 18.0 15.2 16.7 17.3 18.1 15.1 17.1
18 13.1 14.9 15.6 16.6 13.1 15.6
23 10.2 12.0 12.3 13.5 10.6 12.5
g CH4/DM 14 19.4 19.7 21.5 21.1 20.8 22.6 20.8 21.3 22.5 22.4 21.8 23.2
18 18.7 19.2 20.9 20.7 20.2 22.0
23 16.6 18.4 19.3 20.3 18.0 20.2
Proportion of
GE intake
14 0.060 0.059 0.068 0.065 0.063 0.070 0.064 0.064 0.070 0.069 0.066 0.071
18 0.058 0.058 0.066 0.063 0.061 0.068
23 0.051 0.056 0.060 0.062 0.054 0.062
* HF, High rate of N fertilization of grassland (silage, 350 kg N/ha/yr; fresh, 450 kg N/ha/yr); LF, low rate of N fertilization of grassland (silage and fresh, 150 kg N/ha/yr);
EC, ryegrass cut at an early stage of maturity (silage cut at 3000 kg DM/ha; fresh grass between 1500 and 2000 kg DM/ha); LC, ryegrass cut at a late stage of maturity
(silage cut at 4500 kg DM/ha; fresh grass between 1500 and 2000 kg DM/ha); GS, ensiled ryegrass forage; GH, fresh ryegrass forage (zero-grazing); FCM, fat corrected
milk; DM, dry matter; GE, gross energy.
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predicted CH4 emission per unit FCMwas curvilinear
with the fastest rate of decrease at the lowest DMI of
14 kg/day. With a proportion of concentrate of 0.1
only in dietary DM, the eﬀect of DMI remained
smaller than that of grass forage type. Under the HF
as well as the LF regime, predicted values increased in
the order GH, GS-EC and GS-LC.
The average value over all forage types and DMI
levels tested was 15.9 and 14.2 g CH4/kg FCM with a
proportion of 0.1 and 0.4 of concentrate in dietary
DM, respectively (with a range from 10.2 to 19.5;
Table 4). Average values for g CH4/kg DM were 20.6
and 20.8 g CH4/kg DM, respectively (ranging from
16.6 to 23.2; Table 4), with CH4 energy accounting
for on average 0.063 and 0.064 of GEI, respectively
(ranging from 0.051 to 0.071; Table 4). Regardless of
units, the simulation results clearly indicate that esti-
mates of CH4 emission vary with level of DMI and
FCM. For diets with a proportion of 0.4 of concen-
trate in dietary DM (Fig. 4b) and an increase of
DMI from 14 to 23 kg DM/day, the decline in g CH4
emission/kg FCM varied from 26 to 33% with GS-
LF-LC and GS-HF-EC, respectively. The accom-
panying decline in g CH4/kg DM (Fig. 4b) or in CH4
energy as a proportion of GEI varied from 10 to
20%, respectively. The lowest values of 10.2 g CH4/
kg FCM, 16.6 g CH4/kg DM and 0.051 of GEI were
established at the highest DMI of 23 kg DM/day of
the diet with a proportion of 0.4 of concentrate in
dietary DM under the GS-EC-HF regime.
Higher DMI levels are usually associated with de-
creased CH4 emission per kg of DMI (e.g. Holter &
Young 1992; Yan et al. 2000). The present study in-
dicates that such empirically established eﬀects need
not have general applicability with respect to predic-
tion of the consequences of feeding strategy on CH4
emission. An important factor that needs to be taken
into account as well is the quality of the forage, which
had more eﬀect on CH4 emission than DMI over the
range evaluated in the present study. A further factor
that is strongly confounded with DMI in data sets
from various trials reported in the literature is the
proportion of concentrates in dietary DM as a
reﬂection of the type of diet involved. Empirical re-
lationships derived from such data sets normally do
not include both DMI and proportion of concen-
trates as independent explanatory variables. How-
ever, our modelling results clearly indicated the need
to vary predicted yield of VFA and CH4 from fer-
mented substrates with varying proportion of con-
centrates in dietary DM (Fig. 2). These eﬀects are
discussed further in the next section.
Eﬀect of proportion of concentrate in DMI
To evaluate the eﬀect of a higher DMI in combi-
nation with a higher proportion of concentrates in the
diet, the proportion of concentrate in grass-based
diets was changed from 0.1 to 0.4 of dietary DM.
With increase in proportion of concentrates, the pre-
dicted diﬀerences between forage types became much
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Fig. 4. Eﬀects of N fertilization rate (HF, high fertilization; LF, low fertilization) and harvesting management (GS, grass
silage; EC, early cut; LC, late cut; GH, grass herbage) on predicted CH4 emission (in g/day on left y-axis, dashed lines, and in
g/kg FCM on right y-axis, solid lines) in cows consuming (a) a diet with a proportion of 0.9 of grass forage and 0.1 of
concentrate in dietary DMwith DMI varying from 14 to 18 kg/day, and (b) a diet with a proportion of 0.6 of grass forage and
0.4 of concentrate in dietary DM with DMI varying from 14 to 23 kg/day. Results of (b) were also expressed in g/kg DMI
(c) with closed symbols for a proportion of 0.9 of grass forage and 0.1 of concentrate in dietary DM, and open symbols for a
proportion of 0.6 of grass forage and 0.4 of concentrate in dietary DM, and with () for GS-HF-EC and (#) GH-LF which
diﬀered most.
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smaller (Fig. 4b v. Fig. 4a ; expressed in either g CH4/
day, g CH4/kg FCM or g CH4/kg DM, or as a pro-
portion of GEI; Table 4). When expressed in g CH4/
kg FCM, a distinct decline was established with an
increase of DMI from 14 to 23 kg/day. In corre-
spondence with the literature (Holter & Young 1992;
Yan et al. 2000), lower CH4 emission was predicted
from concentrates. At an equal DMI of 14 kg/day,
the predicted values were 3–6% lower compared to
those obtained with a proportion of 0.1 of concen-
trate in dietary DM, except for grass forages of
highest quality (GS-EC and GH under the HF re-
gime; Table 4). In the present study, the eﬀect re-
mained rather small, however, as a result of the
assumption of a relatively high and low content of
soluble carbohydrates and starch in concentrates
DM, respectively. Assuming a higher starch content,
for example, would have reduced CH4 further without
compromising FCM. At DMI of 23 kg/day, predicted
values (g CH4/kg FCM) for all grass forage types
were much lower than those found with a proportion
of 0.1 of concentrate at 18 kg DMI/day (Fig. 4b v.
Fig. 4a ; Table 4). The main part of this eﬀect was
caused by higher DMI and not as much by lower CH4
emission from concentrates compared to grass forage.
Implications
The interpretation of the present results strongly
depends on the assumptions made for chemical com-
position of grass forages and concentrates, for
degradation characteristics, for fractional passage
rates and for rumen acidity. Besides rumen degrad-
ability, type of carbohydrates in concentrates will also
aﬀect the VFA proﬁle and consequently CH4 emis-
sion. The assumptions made about this in the model
used in the present study are supported by several
empirical equations published in literature which take
into account type of carbohydrate fermented (e.g.
Moe & Tyrrell 1979; Mills et al. 2003; Hindrichsen
et al. 2005) instead of general measures such as pro-
portion of concentrates in dietary DM. In addition to
starch and soluble carbohydrates, however, protein
fermentation and content of fermentation products as
a result of ensiling need to be included in these types
of analysis which seems to have gone unnoticed in
the literature. Although outcomes in CH4 emission
from concentrates as compared to those from forages
probably cannot be seen as generally applicable for
the reasons discussed in the previous section, com-
parative outcomes for the various types and qualities
of grass forage probably can.
The present simulation results strongly suggest that
CH4 emission in cows varies with type of grass forage
fed and with grassland management, with DMI, with
amount and type of fermentable carbohydrate and
protein available for microbial utilization in the
rumen, and with rumen fermentation conditions. The
lower the proportion of concentrates in dietary DM,
the larger the relative importance of the diﬀerences
between grass forage types. Although this importance
becomes smaller with high proportions of concen-
trate, it appears that the eﬀects remain relevant. With
a proportion of 0.4 of concentrate in dietary DM, the
maximum diﬀerence established between the various
grass forage types was 28–45% in g CH4/kg FCM for
all levels of DMI evaluated (Table 4). In conclusion,
all these aspects need to be considered when evalu-
ating the eﬀects of nutritional strategies on CH4
emission in cows. There seems to be no basis for
the assumption of a ﬁxed order between types of
concentrates, between types of forages and between
diﬀerent types of carbohydrate regarding their con-
tribution to CH4 emission. The current results indi-
cate that if the aim is to predict CH4 emission in cows
with empirical models, such an attempt is best pre-
ceded by consideration of the errors introduced with
such major simpliﬁcation of estimates for CH4 emis-
sion.
Finally, the results indicate the problem that out-
comes of CH4 emission may strongly diﬀer with the
units of expression must be addressed. When express-
ing CH4 emission in g CH4/kg DM, a curvilinear
decline was simulated with increasing DMI and a
proportion of 0.4 of concentrate in dietary DM
(Fig. 4c ; Table 4). The decline was caused by an in-
crease in fractional passage rates and rumen ﬂuid
volume and by a decrease in rumen pH (and concomi-
tant changes in molar proportions of VFA), reducing
fermentation of especially ﬁbre in the rumen. How-
ever, such a curvilinear decline was not found when
CH4 was expressed in g CH4/kg FCM (Fig. 4a, b).
This diﬀerence is illustrative of how a diﬀerent choice
of units may lead to a diﬀerent interpretation of the
eﬀect of nutrition on CH4 emission.
Model evaluation
Indirect calorimetry trials
The data set was from cows consuming diets with
a proportion of more than 0.9 (Lelystad and
Wageningen data sets) or nearly 0.7 of GH in dietary
DM (Reading data set). Although the data set con-
tained a wide range of N:OM ratios and herbage
qualities, which suited the purpose of evaluating pre-
dictive accuracy of the model for GH-based diets, it
does not apply to grass diets with a low CP content.
The evaluation results in Fig. 5a indicate that model
predictions follow the trend in observed CH4 emission
but on average over-predicted by 1.1 and 1.8 MJ/day
for the Wageningen and Lelystad data set, respect-
ively, and under-predicted by 2.7 MJ/day for the
Reading data set (Fig. 5a). The means of predicted
and observed values for the whole data set closely
matched (17.2 and 17.0 MJ/day respectively). The
square root of the mean square prediction error was
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2.0 MJ/day and equal to 0.12 of the mean observed
value, which is in the lower range of prediction errors
reported with earlier evaluations studies (Mills et al.
2001; Kebreab et al. 2006). The fact that only GH-
based diets were used in the present evaluation prob-
ably contributed to this low error. Total prediction
error was decomposed into error due to overall bias
of prediction (by a proportion of 0.005), due to devi-
ation of the regression slope from unity (by a pro-
portion of 0.548), and due to disturbance or
random variation (by a proportion of 0.447; Bibby &
Toutenburg 1977). The signiﬁcant contribution of
the error due to deviation of the regression slope
from unity is caused by the fact that at the lower end
of observed values, all data from Lelystad and
Wageningen cluster, which were over-predicted, while
at the higher end of observed values, the under-
predicted Reading data cluster.
It remains speculation what the precise causes of
these diﬀerences are besides erroneous representation
of relationships in the model. It cannot be related
to the assumption of a high soluble carbohydrate
content in concentrates (Table 2) because the con-
centrates were a minor fraction of the diet. More
likely, errors were made in estimating the contents of
soluble carbohydrate and NDF, and their degra-
dation characteristics for the various types of GH
tested. Alternatively, estimates of VFA yield and as-
sociated formation of CH4 may have been erroneous
and not applicable to mainly GH-based diets.
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Fig. 5. Observed (open symbols) and predicted (closed symbols) CH4 emission (MJ/day) from cows consuming diets with GH
of varying quality in indirect calorimetry trials at the Wageningen (#), Lelystad () and Reading (%) research facilities. (a)
Observed and predicted CH4 emission (root mean-squared prediction error 2.04 MJ/day or 12.0% of the mean value ob-
served. The dashed lines indicate the line of unity. (b) Observed and predicted CH4 emission related to the proportion of N in
dietary OM. (c) The results of (b) expressed in g CH4/kg DM related to DMI. (d) The results of (b) expressed in g CH4/kg DM
related to the proportion of N in OM. Dashed (closed symbols) and continuous lines (open symbols) in (b), (c) and (d)
indicate the linear trend predicted and observed, respectively, for CH4 emission rates for the Wageningen, Lelystad and
Reading data set.
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However, the latter is considered unlikely to be a
main cause because of diﬀerent results obtained
for the Reading data compared to the data from
Wageningen and Lelystad (Fig. 5a). The cause may
also lie in the large diﬀerences in level of CH4 emis-
sion observed amongst the diﬀerent research facilities,
with substantially higher emission rates for the
Reading data set compared to the Lelystad and
Wageningen ones, although all measurements were
obtained with GH-based diets. The background to
such large diﬀerences (a diﬀerence of 0.016 of GEI
emitted as CH4 from comparable types of GH) re-
mains unclear.
The evaluation results further indicated an eﬀect of
N:OM ratio in dietary DM on CH4 emission
(Fig. 5b). Both observed and predicted CH4 emission
decreased with an increase in dietary N:OM ratio.
The model therefore seems capable of reproducing
the observed eﬀect on CH4 emission of varying CP
content in GH. The model did predict the highest CH4
emission for this data set corresponding to the highest
values observed at the low proportion of N in OM of
0.03. However, part of the variation observed must
also be attributed to diﬀerences in DMI. Besides
proportion of N in OM, also variation in DMI may
have aﬀected the results as discussed previously for
the simulation results (Fig. 4). The results in Fig. 5c
and d are expressed in g CH4/kg DM. The model
again predicted similar trends as observed. The DMI
tended to increase with an increased proportion of N
in OM with the Reading dataset, whereas DMI
decreased with the Wageningen and Lelystad data
sets. Because CH4 emission decreases with both an
increase of DMI as well as with an increase of N
proportion in OM, the reduction of g CH4/kg DM
was strongest for the Reading data set (Fig. 5c and d).
For the Wageningen and Lelystad data sets the eﬀect
of DMI and N proportion in OM were counteractive,
resulting in a smaller decrease of g CH4/kg DM.
When related to the proportion of N in OM (Fig. 5d)
the predicted amounts of g CH4/kg DM decreased by
0.4, 2.3 and 4.5 g CH4/kg DM per 0.01 increase in the
proportion of N in OM for the Wageningen, Lelystad
and Reading data set, respectively, and by 0.8, 0.9
and 3.0 g CH4/kg DM for the amounts observed, re-
spectively. At a level of 20 g CH4/kg DM a change in
the proportion of N in OM of 0.01 therefore corre-
sponded on average to a change of 12% for predicted
values and of 8% for observed values.
Practical cases
Comparison of model predictions against data from
on-farmmonitoring surveys indicated thatmuchmore
CH4 was emitted than could have been produced by
cows and young stock (Fig. 6). Such a result is ex-
pected because considerable methanogenesis occurs
in the slurry pit (Smits & Huis in ‘t Veld 2007).
Compared to the model predictions of CH4 emission
from cattle, 0.28 appeared to have originated from
another source, which must have been the slurry pit.
Also Hindrichsen et al. (2005) established a substan-
tial contribution from slurry of 0.16–0.22 of total
CH4 emission measured, which is slightly less than
suggested by the current evaluation results. The con-
tribution of slurry to total barn CH4 emission is
therefore substantial and appeared to be of the same
order of magnitude as the variation in CH4 emission
among individual measurements (Fig. 6). Regression
of predicted against measured CH4 emission ex-
pressed per cow indicated a good relationship with a
slope of 0.72. (R2=0.87; P<0.001). It appears un-
likely that the assumption about young stock (half the
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Fig. 6. Comparison of observed and predicted CH4 emission (MJ/cow/day) from cattle sheds under practical conditions. The
regression equation was: Predicted CH4 (MJ/day)=0.72rObserved CH4 (MJ/day), R2=0.87 (P<0.00001).
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contribution of an adult cow) strongly aﬀected pre-
diction errors. More likely causes are erroneous
model prediction, erroneous measurement of barn
emissions, erroneous monitoring of farm manage-
ment and cow feeding, and errors made due to the
assumption of an average diet for animals in the herd.
Quantifying ventilation rates in naturally ventilated
buildings cannot be done as accurately as in forced
ventilated buildings and inaccuracies may easily ex-
ceed 0.10. The ratio of CO2 :CH4 concentrations may
not exactly reﬂect the ratio of the source strengths of
these gases.
Variation between farms may be much larger than
established in the present study. Diverse feeding re-
gimes (diﬀerent combinations of DMI, and of types
of forages available and types of concentrates, by-
products and starch sources purchased) easily lead to
more variation in CH4 emission from cattle than in-
dicated here. Notwithstanding all these factors con-
tributing to variation, the present results give a clear
indication that the contribution of slurry to CH4
emission is substantial. This contribution may add
variation in measured emissions between diﬀerent
farms depending on various factors, such as the
amount of manure stored, the duration of storage,
manure temperature, and storage emptying and
cleaning. In the present evaluation, the mechanistic
model explained 0.87 of observed variation in CH4
emission per cow, which suggests that the model
can be used to predict CH4 emission under practical
conditions with various nutritional strategies and
production levels. However, more data and model
evaluations are clearly needed to investigate further
the prediction potential of the mechanistic model
under practical conditions. A similar approach was
used by Hensen et al. (2006), but worse results were
obtained despite the larger number of measurements
available. They performed ﬁeld measurement of total
farm CH4 emission instead of stall measurements,
however, and explained 0.27 and 0.60 of observed
variation when using the empirical farm model of
greenhouse gas emission of Olesen et al. (2006) or
simple emission factors, respectively, rather than a
mechanistic model.
CONCLUSIONS
The present study indicates that alterations in grass-
land management have a strong impact on simulated
CH4 emission. The N fertilization regime (HF v. LF),
stage of maturity when grass is harvested (EC v. LC)
and choice between fresh or ensiled grass (GH and
GS) all contributed to variation in CH4 emission, with
N fertilization rate apparently having the largest
impact. Furthermore, CH4 emission depends on
DMI level and the type and amount of fermentable
carbohydrate and non-carbohydrates in the diet.
Generally, a lower CH4 emission was predicted for
HF compared to LF, and for EC compared to LC
irrespective of the units of expression (g CH4/day, g
CH4/kg FCM, g CH4/kg DM or proportion of GEI;
Table 4). Methane emission was lower or equal for
GH than for GS-EC when expressed in g CH4/kg
FCM (except for the highest DMI levels tested),
but always higher when expressed in g CH4/kg DM
or CH4 energy as a proportion of GEI. Both observed
and predicted emissions expressed in g CH4/day or g
CH4/kg DM decreased upon an increase in dietary
N:OM ratio. The results imply that with calculations
of CH4 emission under various feeding regimes or
production conditions, variations in type and pro-
portion of grass forage in the diet are important as-
pects that need to be taken into account. With respect
to the comparison between grass forages and con-
centrates in their contribution to CH4 it must be
noted that the results from the present study have no
general applicability. For such a comparison more
speciﬁc studies are needed. It appears that the con-
tribution of forages to CH4 emission cannot be sim-
pliﬁed to the constant coeﬃcient values adopted in
various empirical models (e.g. estimate of 0.06 of
GEI by cows; IPCC 1996) meant to be used under a
wide range of production conditions. This has im-
portance for the applicability of results of scenario
studies that aim to discriminate between various
management measures to reduce greenhouse gas
emission. The mechanistic model used in the present
study can estimate CH4 emission under various feed-
ing and production conditions, taking into account
the nutritional factors identiﬁed to aﬀect enteric
methanogenesis. Although the simulated eﬀects of
grass forage quality are thought to have general
applicability, further evaluations are needed with in-
dependent measurements. Such data should pre-
ferably be obtained from experiments conducted
under controlled experimental conditions and de-
signed to evaluate the eﬀect of grass quality on CH4
emission.
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